Brief, high-concentration (phasic) spikes in nucleus accumbens dopamine critically participate in aspects of food reward. Although physiological state (e.g., hunger, satiety) and associated hormones are known to affect dopamine tone in general, whether they modulate food-evoked, phasic dopamine specifically is unknown. Here, we used fast-scan cyclic voltammetry in awake, behaving rats to record dopamine spikes evoked by delivery of sugar pellets while pharmacologically manipulating central receptors for the gut "hunger" hormone ghrelin. Lateral ventricular (LV) ghrelin increased, while LV ghrelin receptor antagonism suppressed the magnitude of dopamine spikes evoked by food. Ghrelin was effective when infused directly into the lateral hypothalamus (LH), but not the ventral tegmental area (VTA). LH infusions were made in close proximity to orexin neurons, which are regulated by ghrelin and project to the VTA. Thus, we also investigated and found potentiation of food-evoked dopamine spikes by intra-VTA orexin-A. Importantly, intra-VTA blockade of orexin receptors attenuated food intake induced by LV ghrelin, thus establishing a behaviorally relevant connection between central ghrelin and VTA orexin. Further analysis revealed that food restriction increased the magnitude of dopamine spikes evoked by food independent of any pharmacological manipulations. The results support the regulation of food-evoked dopamine spikes by physiological state with endogenous fluctuations in ghrelin as a key contributor. Our data highlight a novel mechanism by which signals relating physiological state could influence food reinforcement and food-directed behavior.
Introduction
The prevalence of inexpensive, highly palatable foods is a major contributor to the soaring rate of obesity (Drewnowski and Specter, 2004) . The positive reinforcing nature of these foods has led to a focus on mesolimbic circuitry. Feeding broadly increases dopamine release and turnover in the nucleus accumbens (NAc; Hernandez and Hoebel, 1988; Taber and Fibiger, 1997) and the magnitude of dopamine release is dependent on physiological state (i.e., hunger vs satiety; Wilson et al., 1995; Ahn and Phillips, 1999; Bassareo and Di Chiara, 1999) . In addition to broad increases in dopamine concentration, food reward also evokes phasic spikes in striatal dopamine concentration (Day et al., 2007; Brown et al., 2011; Beeler et al., 2012) , which are the result of burst firing of midbrain dopamine neurons (Sombers et al., 2009; Zweifel et al., 2009; Owesson-White et al., 2012) . These brief dopamine spikes play a critical role in reinforcement learning (Day et al., 2007; Stuber et al., 2008; Steinberg et al., 2013) and are thought to drive food-seeking behaviors Wanat et al., 2010) . Food restriction increases burst firing of dopamine neurons in anesthetized mice (Branch et al., 2013) . However, the mechanisms by which physiological state change, induced by food restriction, increases dopamine system activity remain unknown.
Ghrelin, a peptide released by the stomach, is elevated by food restriction (Tschöp et al., 2000) , and is the only known gut peptide associated with hunger (Cummings et al., 2004) . Peripheral ghrelin crosses the blood-brain barrier (Banks et al., 2002) and ghrelin receptors are expressed throughout the brain (Zigman et al., 2006) including the ventral tegmental area (VTA)/substantia nigra-the site of striatal-projecting dopamine neurons. Ghrelin promotes food seeking through multiple brain circuits, including the arcuate nucleus of the hypothalamus (Nakazato et al., 2001) , the lateral hypothalamus (LH; Olszewski et al., 2003) , and ventral hippocampus (Kanoski et al., 2013) as well as the mesolimbic system (Abizaid et al., 2006) . In addition to the VTA, many of these sites directly interact with the mesolimbic system. Indeed, both peripheral and central administration of ghrelin increases dopamine concentration in the NAc, as measured by microdialysis (Jerlhag et al., 2006; . Thus, ghrelin receptors pose a likely target for modulation of phasic dopamine signaling evoked by food.
We measured dopamine signaling in the NAc core using fastscan cyclic voltammetry (FSCV) while rats (fed ad libitum or food restricted) retrieved sugar pellets delivered with a variable and randomly selected intertrial interval. Retrieval of each pellet was associated with a spike in dopamine concentration. We hypothesized that within-session central ghrelin manipulations would modulate these dopamine spikes and sought to determine site specificity for central ghrelin effects on phasic dopamine signaling.
Materials and Methods
Subjects. Male Sprague Dawley rats (n ϭ 47; Charles River) weighing 325-425 g at the time of testing were used. Rats were individually housed with lights on from 7:00 A.M.to 7:00 P.M. All training and experimental sessions took place during the light phase in standard operant chambers (Med Associates) with a food receptacle and magazine for the delivery of single 45 mg sugar pellets (3.58 kcal/g; BioServ). Rats were trained to retrieve sugar pellets that were delivered with a random intertrial interval (delivery interval range: 30 -90 s; mean: 60 Ϯ 8.2 s). Following 5 d of training, rats were surgically prepared for FSCV. After returning to presurgery body weight, rats were retrained for 2 d before the experimental session. Animal care and use was in accordance with the National Institutes for Health Guide for the Care and Use of Laboratory Animals, and approved by the Institutional Animal Care and Use Committee at the University of Illinois at Chicago.
Surgery. Rats were anesthetized with ketamine hydrochloride (100 mg/ kg, i.p.) and xylazine hydrochloride (10 mg/kg, i.p.). All implants were targeted relative to bregma using the rat brain atlas of Paxinos and Watson (2007) . A guide cannula (Bioanalytical Systems) was implanted dorsal to the right NAc core (ϩ1.3 mm AP, ϩ1.5 mm ML, Ϫ2.5 mm DV). An infusion cannula (Plastics One) was also implanted [lateral ventricle (LV): 22 gauge, 11 mm cannula (GC313), Ϫ0.8 mm AP, Ϫ2.1 mm ML, Ϫ3.7 mm DV, angled 10°away from the midline; VTA: 26 gauge 11 mm cannula (C315), Ϫ5.8 mm AP, ϩ2.9 mm ML, Ϫ6.5 mm DV, angled 15°a way from the midline; LH: 22 gauge 11 mm cannula, Ϫ3.1 mm AP, ϩ1.7 mm ML, Ϫ7.1 mm DV]. LH coordinates were selected to target orexin neurons (Fadel and Deutch, 2002) , and VTA coordinates were chosen to maximize the likelihood of affecting VTA neurons that project to the NAc core (Ikemoto, 2010) . A chlorinated silver reference electrode was placed in left forebrain. Stainless steel skull screws and dental cement secured implants to the skull.
Experimental protocol. During an experimental session, rats were placed into operant chambers as above. FSCV in awake and behaving rats and analyte identification and quantification have been extensively described previously (Phillips et al., 2003; Cone et al., 2013) . Briefly, a micromanipulator containing a glass-insulated carbon fiber (ϳ75 m; Goodfellow) (recording) electrode was inserted into the NAc guide cannula. The recording electrode was then lowered into NAc and locked into place. A FSCV headstage (University of Washington EME Shop) was used to tether the rat, apply voltage changes, and measure resultant current changes. The electrode voltage was held at Ϫ0.4 V and ramped in a triangular fashion (Ϫ0.4 to ϩ1.3 to Ϫ0.4 V; 400 V/s) at 10 Hz. In addition, an injector connected to a 10 l Hamilton syringe was inserted into the infusion cannula. To verify that food reward reliably evoked phasic dopamine release, a single sugar pellet was delivered. If this failed to evoke dopamine release, the electrode was advanced 0.16 mm and the process was repeated.
Once a stable release site was confirmed, the experimental session began. Electrochemical data were synced with video and recorded during the entire session. After 10 pellets (mid-session), an infusion pump was activated to deliver an intracranial infusion. For LV experiments, n-octanoylated ghrelin (1 g in 1 l 0.9% saline; American Peptide), D-[Lys] -GHRP (1 g in 1 l 0.9% saline; Tocris Bioscience), or vehicle was infused at a rate of 2 l/min through a 28 gauge injector (1 mm projection beyond the infusion cannula). Both LH and VTA rats received either n-octanoylated ghrelin [(0.4 g in 0.3 l artificial CSF (aCSF)] or vehicle at a rate of 0.15 l/min. LH injectors were 28 gauge (1 mm projection) and VTA injectors were 33 gauge (2 mm projection). After the recording session, electrodes were removed; rats were disconnected from the headstage and returned to their home cage. Ad libitum chow intake was then monitored for the next 30 min. Following experiments, all recording electrodes were calibrated in a flow cell as described previously (Sinkala et al., 2012) to convert detected current to concentration. The average calibration factor for all electrodes used in these experiments was 43.47 Ϯ 1.9 nM/nA. Data analysis. All rats retrieved and consumed all pellets before and after pharmacological manipulations. Individual trials were background subtracted and dopamine concentration during the 10 s before to 10 s after pellet retrieval was extracted from voltammetric data using principal component analysis (Heien et al., 2004; Day et al., 2007) . We calculated peak dopamine concentration evoked by pellet retrieval by finding the maximum dopamine concentration during the 1 s before to 1 s after retrieval of each individual pellet. These values were averaged and compared before and after LV, LH, or VTA infusions.
Verification of cannula placements and recording sites. After experiments, LV cannula placements were verified by injecting angiotensin II into the LV (50 ng in 2 l saline; Sigma-Aldrich) and measuring home cage water intake. Angiotensin II caused drinking (at least 7 ml in 30 min) in all rats. Following completion of experiments, rats were deeply anesthetized with sodium pentobarbital (100 mg/kg) and a small electrolytic lesion was made at the voltammetry recording site using a polyimideinsulated stainless steel electrode (A-M Systems). Rats were then transcardially perfused with cold 0.01 M PBS followed by 10% buffered formalin solution (Sigma). Brains from rats with LV cannula were removed and stored in formalin. Brains from LH and VTA cannulated rats were removed and stored in formalin for 24 h and transferred to 30% Numbers at left indicate approximate distance from bregma. A, Recording locations from ad libitum fed rats that received LV saline (n ϭ 6) or ghrelin (n ϭ 6). B, Recording locations from food-restricted rats that received LV saline (n ϭ 5) or D-[Lys]-GHRP (n ϭ 5). C, Recording locations from ad libitum fed rats that received LH aCSF (n ϭ 6) or ghrelin (n ϭ 5). D, Recording locations from ad libitum fed rats that received intra-VTA aCSF (n ϭ 4), ghrelin (n ϭ 5), or orexin-A (n ϭ 5). Black, vehicle (saline or aCSF); red, ghrelin; blue, D-[Lys]-GHRP; green, orexin-A. sucrose in 0.1 M phosphate buffer (PB). All brains were sectioned at 40 m on a cryostat. NAc sections were mounted and lesion locations were verified using light microscopy in conjunction with the rat brain atlas of Paxinos and Watson (2007) . All recordings were confirmed to be from the NAc core ( Fig. 1A-D ). Sections containing LH or VTA were stored in 5% sucrose/0.01% NaN 3 in 0.1 M PB until immunohistochemical staining. Of the rats that received LH infusions, a subset was immunohistochemically stained for orexin-A, and in all six rats (aCSF: n ϭ 3; ghrelin: n ϭ 3), cannula tips were confirmed to be in close proximity (ϳ100 m) to orexin-A-positive cell bodies. Of the rats that received VTA infusions, a subset was immunohistochemically stained for tyrosine hydroxylase (TH), and in all 10 rats (aCSF: n ϭ 3; ghrelin: n ϭ 3; orexin-A: n ϭ 4), cannula tips were confirmed to be in TH-positive regions of the VTA. Cannula tips from all remaining animals were confirmed to be in their targeted locations (LH or VTA) using light microscopy.
Immunohistochemistry. Standard methods were adapted for orexin-A and TH immunohistochemistry (Mahler and Aston-Jones, 2012; . Briefly, sections containing either LH or VTA were placed in 0.3% H 2 O 2 for 10 min and then blocking solution containing either 3% normal donkey serum (orexin-A) or 3% normal goat serum (TH) and 0.3% Triton-X for 2 h. Sections were incubated overnight at room temperature in blocking solution with primary antibody (goat antiorexin-A, 1:2000, SC-8070; Santa Cruz Biotechnology; rabbit anti-TH, 1:1000, AB-152; Millipore). Next, sections were incubated in biotinylated secondary antibody (orexin-A: 2 h, 1:500, Santa Cruz Biotechnology; TH: 1.5 h, 1:500, Vector Laboratories). Sections were then transferred to an avidin-biotin complex (1:500; Vector Laboratories) for 1.5 h (orexin-A) or 45 min (TH) before being reacted with DAB (0.02%; Vector Laboratories) for 3-7 min. Finally, sections were mounted, dehydrated, and coverslipped.
Assessing the role of VTA orexin receptors in food intake induced by LV ghrelin. Rats were fed ad libitum during all phases of this experiment. Naive rats (n ϭ 6) were anesthetized and prepared for stereotaxic surgery as described above. A single cannula was targeted to the left LV and Figure 2 . Ghrelin increases phasic dopamine evoked by food reward in ad libitum fed rats. A, Top, Average colorplot (10 trials/rat; n ϭ 6) depicting current changes (color) as a function of electrode potential ( y-axis) in the 10 s before and after (x-axis) pellet retrieval. Dopamine [identified by its oxidation (approximately ϩ0.6 V; green) and reduction (approximately Ϫ0.2 V; light yellow) features] was transiently evoked during pellet retrieval, before vehicle infusion. Middle, Average colorplot after LV vehicle infusion. Bottom, Average dopamine concentration aligned to retrieval before and after LV saline extracted from individual colorplots using chemometric analysis (Heien et al., 2004) . B, Average colorplots before (top) and after LV ghrelin (middle; 10 trials/rat; n ϭ 6). Average dopamine concentration aligned to pellet retrieval before and after LV ghrelin (bottom). C, Peak dopamine evoked during pellet retrieval, before and after LV vehicle or ghrelin. D, Postsession chow intake following LV vehicle or ghrelin. Error bars indicate mean Ϯ SEM; **p Ͻ 0.01, ***p Ͻ 0.001. bilateral cannulae were directed at the VTA. We used the same cannulae, coordinates, and procedures as described above. Following recovery, rats had two nights of pre-exposure to 20 of the same sugar pellets that were used in the voltammetry sessions. Next, rats were habituated to the testing procedure. The test chamber was a standard clear plastic rodent cage with a wire top, which was identical to the home cage except without bedding, to help account for spillage. A small receptacle was filled with 10 g of sugar pellets, placed in the corner of the cage, and secured to the floor. Rats were allowed to freely consume sugar pellets for 1 h before they were removed from the testing chamber.
On test days, we infused either the orexin receptor antagonist SB-334867 (SB; 1 g in 0.3 l 50% DMSO in sterile water) or vehicle bilaterally into the VTA, followed by ghrelin (1 g in 1 l 0.9% saline) or vehicle into the left LV. Infuser gauge and infusion speeds were identical to those used above. Following infusions, animals were placed in the test chamber and allowed to freely consume sugar pellets for 1 h. After the session, rats were returned to their home cage and total consumption was recorded. Thus, the four treatments were as follows: LV-vehicle, VTA-vehicle; LV-vehicle, VTA-SB; LV-ghrelin, VTA-SB; LV-ghrelin, VTA-vehicle. Each rat received all treatments, which were counterbalanced across days. Testing sessions occurred once every other day. Following completion, LV cannula locations were confirmed with angiotensin II. Rats were then transcardially perfused, brains removed, sliced on a cryostat, and tissue was prepared for light microscopy as described above for verification of VTA cannula locations.
Statistical analysis. Peak dopamine concentration evoked during pellet retrieval was compared using a two-way [epoch (pre, post-infusion) ϫ treatment (vehicle, ghrelin)] ANOVA, with Tukey's HSD post hoc tests where appropriate. In the voltammetry experiments, food intake was compared using an unpaired t test (two groups) or one-way ANOVA (Ͼ2 groups). Food intake following concurrent LV and VTA manipulations was compared using a two-way repeated-measures ANOVA [LV treatment (vehicle, ghrelin) ϫ VTA treatment (vehicle, SB)] ANOVA. Statistical analyses were performed using GraphPad 5.0 (Prism), Statistica 10 (StatSoft), or SPSS Version 20.0 (IBM).
Results

LV ghrelin potentiates food-evoked dopamine spikes in ad libitum fed rats
To determine whether ghrelin centrally regulates phasic dopamine signaling evoked by food, we used ad libitum fed rats with cannula in the LV and infused vehicle (1 l saline; n ϭ 6) or ghrelin (1 g; n ϭ 6) into the LV mid-session. LV ghrelin increased the magnitude of dopamine spikes evoked during pellet retrieval (epoch ϫ treatment interaction (F (1,10) ϭ 15.96, p Ͻ 0.01); post hoc: post-ghrelin p Ͻ 0.01 vs all comparisons; Fig.  2A-C) . Ghrelin significantly augmented postrecording session home cage chow intake relative to vehicle (t (10) ϭ 4.816, p Ͻ 0.001; Fig. 2D ).
Central ghrelin receptor antagonism suppresses food-evoked dopamine spikes in food restricted rats
We next sought to determine whether endogenous ghrelin modulates dopamine spikes evoked by food. Rats were food restricted and either vehicle (1 l saline; n ϭ 5) or the ghrelin receptor 
Central ghrelin potentiates food-evoked dopamine spikes in a site-specific manner
To determine ghrelin's site of action on phasic dopamine signaling, we targeted the LH due to its sensitivity to ghrelin (Olszewski et al., 2003) and strong link with the mesolimbic system (Peyron et al., 1998; Fadel and Deutch, 2002; Watabe-Uchida et al., 2012) . The LH of ad libitum fed rats was infused, mid-session, with either vehicle (0.3 l aCSF; n ϭ 6) or ghrelin (0.4 g; n ϭ 5). LH ghrelin potentiated dopamine spikes evoked during pellet retrieval (epoch ϫ treatment interaction (F (1,9) ϭ 22.30, p Ͻ 0.01); post hoc: LH ghrelin p Ͻ 0.001 vs pre-infusion; Fig. 4A-C) -recapitulating the effects of intraventricular ghrelin. LH ghrelin also increased postrecording session home cage chow intake compared with vehicle (t (9) ϭ 2.519, p Ͻ 0.05; Fig. 4D ). All cannula tips were confirmed to be in the LH (Fig. 4E ) and immunohistochemistry indicated infusions were near orexin-A-positive cell bodies (Fig. 4F ) .
As ghrelin acts in the VTA (Abizaid et al., 2006) to influence feeding and food-directed motivation (Skibicka et al., 2013), we sought to determine whether intra-VTA ghrelin modulates phasic dopamine signaling. In addition, our data suggested, and considerable evidence supports, a link between ghrelin and LH orexin neurons ( . Phasic dopamine evoked during pellet retrieval is potentiated by intra-LH ghrelin. A, Average dopamine concentration evoked during pellet retrieval before (gray) and after (black) intra-LH aCSF infusion (n ϭ 6). B, Average dopamine concentration evoked during pellet retrieval before (gray) and after (red) intra-LH ghrelin infusion (n ϭ 5). C, Peak dopamine evoked during pellet retrieval before and after intra-LH infusion of aCSF or ghrelin. D, Intra-LH ghrelin increased postsession chow intake, relative to vehicle. E, Coronal brain sections modified from Paxinos and Watson (2007) . Colored squares indicate approximate locations of cannula tips from all rats used in LH infusion experiments (black, aCSF; red, ghrelin). Numbers at left indicate approximate distance from bregma in millimeters. F, Representative coronal brain slice with LH cannula stained for orexin-A. 3V, third ventricle; f, fornix; mt, mammillothalamic tract. Error bars indicate mean Ϯ SEM; *p Ͻ 0.05, ***p Ͻ 0.001.
2006), we also investigated whether the effects of LH ghrelin could be recapitulated by intra-VTA orexin-A. In ad libitum fed rats, we infused vehicle (0.3 l aCSF; n ϭ 4), ghrelin (0.4 g; n ϭ 5), or orexin-A (1 g; n ϭ 5) into the VTA mid-session. Intra-VTA orexin-A, but not ghrelin, increased the magnitude of dopamine spikes evoked during pellet retrieval (epoch ϫ treatment interaction (F (2,11) ϭ 8.69, p Ͻ 0.01); post hoc: orexin-A p Ͻ 0.01 compared with before infusion; Fig. 5A-D) . Both intra-VTA ghrelin and orexin-A potentiated postrecording session home cage chow intake compared with vehicle (F (2,11) ϭ 5.18, both p Ͻ 0.05); post hoc: ghrelin, orexin-A p Ͻ 0.05 vs vehicle; Fig. 5E ). All cannula tips were confirmed to be in the VTA by light microscopy (Fig. 5F ) and immunohistochemistry for TH (Fig. 5G ).
LV ghrelin-induced feeding is suppressed by VTA orexin receptor antagonism
The results of our voltammetry experiments suggest that orexin action in the VTA is a possible mechanism by which LV and LH ghrelin could regulate dopamine signaling. Thus, we sought to provide evidence for a functional relationship between central ghrelin and VTA orexin. We tested whether VTA orexin signaling was critical for feeding induced by central ghrelin infusions in ad libitum fed rats (n ϭ 6). We found that bilateral blockade of VTA orexin receptors with SB significantly attenuated the ability of LV ghrelin to promote intake of rewarding food (LV treatment ϫ VTA treatment interaction (F (1,5) ϭ 8.59, p Ͻ 0.05); Fig. 6A ). As before, cannula tips were confirmed to be in the LV by angiotensin-induced drinking and in the VTA by light microscopy (Fig. 6B) .
Physiological state modulates food-evoked dopamine spikes
Our pharmacological manipulations suggested that endogenous signaling related to physiological state influences phasic dopamine signaling. Thus, it was critical to determine whether caloric restriction results in measurable differences in the phasic dopamine response to food. To investigate this possibility, we combined data from all ad libitum fed (n ϭ 37) and food-restricted rats (n ϭ 10) used in this study and compared the trials that occurred before any pharmacological manipulations were made. Consistent with the notion that the physiological state endog- . Intra-VTA orexin-A, but not ghrelin, potentiates phasic NAc dopamine evoked during pellet retrieval. A, Average dopamine concentration evoked during pellet retrieval before (gray) and after (black) intra-VTA aCSF infusion (n ϭ 4). B, Average dopamine concentration evoked during pellet retrieval before (gray) and after (red) intra-VTA ghrelin infusion (n ϭ 5). C, Average dopamine concentration evoked during pellet retrieval before (gray) and after (green) intra-VTA orexin-A infusion (n ϭ 5). D, Peak dopamine evoked during pellet retrieval before and after intra-VTA infusion of aCSF, ghrelin, or orexin-A. E, Intra-VTA ghrelin and orexin-A significantly increased postsession chow intake, relative to vehicle. enously regulates phasic dopamine signaling, food restriction significantly augmented dopamine spikes evoked during pellet retrieval (t (45) ϭ 2.61, p Ͻ 0.05; Fig. 7A-D) .
Discussion
We found that the gut hormone ghrelin acts centrally to regulate phasic dopamine spikes evoked by food reward via action in the LH, but not VTA. The effect of LH ghrelin was recapitulated by intra-VTA orexin-A, and food intake induced by LV ghrelin was attenuated following blockade of VTA orexin receptors, suggesting a potential mechanism of action for LV and LH ghrelin. Importantly, food restriction augmented dopamine spikes evoked by food independent of any pharmacological manipulations, implying that endogenous signaling related to physiological state can influence the phasic dopamine response to food reward. Indeed, food restriction increases burst firing of dopamine neurons in anesthetized mice (Branch et al., 2013) and potentiates dopamine release evoked during feeding (Wilson et al., 1995) . Food restriction could broadly affect multiple signals related to physiological state, including blood glucose levels, leptin secretion, and vagal tone. However, given that ghrelin is elevated by food restriction (Tschöp et al., 2000; Cummings et al., 2004) , these data suggest that one way physiological state dynamically tunes the phasic dopamine response to food reward is through central ghrelin signaling.
The LH has long been known to link energy status and foodmotivated behavior (Margules and Olds, 1962; Berthoud and Münzberg, 2011) . The results of our LH manipulations suggest that metabolic hormones can act in the LH to modulate the phasic dopamine response to food reward. In addition, ghrelin affects food intake and food-related reinforcement through actions on LH orexin neurons (Olszewski et al., 2003; Toshinai et al., 2003; Perello et al., 2010) . Thus, the effect of intra-VTA orexin-A on phasic dopamine release and the ability of intra-VTA orexin receptor antagonism to blunt feeding in response to LV ghrelin suggests a potential mechanism by which LV and LH ghrelin could enhance food-evoked dopamine spikes. Indeed, intra-VTA orexin-A increases, while intra-VTA orexin receptor antagonism decreases the magnitude of phasic dopamine evoked by electrical stimulation of the VTA (España et al., 2010 (España et al., , 2011 . We extend these findings by showing that orexin-A in the VTA increases the magnitude of phasic dopamine evoked by behaviorally relevant natural rewards. Additionally, food intake induced by LV ghrelin is blunted in orexin knock-out mice (Toshinai et al., 2003) . The results of our concurrent LV and VTA manipulations highlight a critical role for VTA orexin in feeding induced by central ghrelin. Together, these data suggest that ghrelin acts via the LH as an interface between physiological state and motivational circuitry and highlights a mechanism by which peripheral feeding hormones influence food-specific signaling and food-directed behavior, particularly in areas of the brain linked to reward seeking.
It is noteworthy that we did not observe an effect of intra-VTA ghrelin on phasic dopamine signaling. Ghrelin receptors are present on VTA dopamine neurons (Abizaid et al., 2006) and previous evidence suggests that administration of ghrelin into the VTA increases dopamine in the NAc shell (Jerlhag et al., 2007) . However, the present study measured dopamine in the NAc core, suggesting that there could be regional differences in ghrelin's effects on dopamine signaling. It is possible that ghrelin receptors are expressed on distinct pools of VTA dopamine neurons that selectively project to subterritories other than the core. Indeed, VTA dopamine neurons respond differently to pharmacological challenges based on their projection targets (Lammel et al., 2008) . Another possibility is that intra-VTA ghrelin could generally increase the activity of VTA dopamine neurons without altering phasic, eventspecific dopamine signals, a phenomenon that would not be well captured using FSCV. Future studies that involve tracing the projections of ghrelin receptor expressing VTA dopamine neurons in addition to comparing the effects of VTA ghrelin on dopamine fluctuations in distinct striatal subregions will speak to these discrepancies.
We have identified one region where ghrelin regulates (LH) and another region where ghrelin does not regulate (VTA) phasic dopamine signaling. However, ghrelin receptors are expressed throughout the brain (Zigman et al., 2006) and central ghrelin diffuses to a variety of brain nuclei, including the LH and VTA but also the arcuate nucleus of the hypothalamus and nucleus of the solitary tract (NTS; Cabral et al., 2013) . Given that recent work has identified previously unknown projections from the NTS to the VTA (Alhadeff et al., 2012) , additional sites abundant in ghrelin receptors require further study. Many ghrelin receptorexpressing brain regions could either directly or indirectly regulate dopamine neurons. When given to humans, ghrelin increases the BOLD response to images of food across multiple brain regions linked to appetitive behavior (striatum, amygdala, and orbitofrontal cortex; Malik et al., 2008). Thus, the LH is unlikely to Figure 7 . Phasic dopamine evoked during pellet retrieval is augmented by food restriction. A, Heatplot depicting average dopamine concentration per trial for all ad libitum fed rats from the experiments presented in this manuscript (n ϭ 37). Each row represents the average dopamine concentration for each of the 10 pellet retrievals before any infusions were made. B, Same conventions as in (A) but for all food-restricted rats used in the experiments presented in this manuscript (n ϭ 10). C, Average dopamine concentration evoked during pellet retrieval in ad libitum (gray) versus food-restricted (black) rats. D, Peak dopamine concentration evoked during pellet retrieval is augmented by food-restriction. Error bars indicate mean Ϯ SEM; *p Ͻ 0.05.
be the only brain site where ghrelin influences phasic dopamine signaling.
While VTA ghrelin did not affect phasic dopamine signaling, it did increase home cage food intake suggesting that phasic dopamine signaling may not be a reliable predictor of consummatory behavior (for review, see Salamone and Correa, 2012 ). This result is consistent with previous research indicating that manipulations of NAc dopamine do not alter free-feeding intake (Koob et al., 1978; Taber and Fibiger, 1997; Baldo et al., 2002) . Dopamine may play a more critical role in motivating behavior toward high-effort, high-value options. Blocking NAc dopamine shifts choices away from operant responses in favor of freely available chow, but leaves total caloric intake unchanged (Salamone et al., 1991; Koch et al., 2000) . The converse is true of hyperdopaminergic mice, as these animals will exert more effort to obtain food, but do not consume more food overall (Beeler et al., 2010) . Furthermore, a recent report indicates that feeding elicited by intra-VTA ghrelin does not require NAc dopamine receptor activation (Skibicka et al., 2013) . Thus, that VTA ghrelin promotes food intake in the absence of changes in phasic dopamine signaling is consistent with the notion that NAc dopamine is not required for normal food intake and VTA ghrelin can regulate feeding in a dopamine independent manner. Moreover, it speaks to VTA cell groups other than NAc core-projecting dopamine neurons as playing a critical role in feeding.
Even though changes in phasic dopamine release may not directly contribute to food consumption, our data have broad implications for food-related behaviors. Recent optogenetic experiments have revealed that phasic dopamine signaling is sufficient for aspects of behavioral reinforcement (Tsai et al., 2009; Witten et al., 2011) and reinforcement learning (Steinberg et al., 2013) . Cues that signal the availability of food or the opportunity to respond for food evoke phasic dopamine release in the NAc core Day et al., 2007; Stuber et al., 2008) , where dopamine is critical for pavlovian and instrumental learning (Smith-Roe and Kelley, 2000; Di Ciano et al., 2001) as well as performance (Gore and Zweifel, 2013) . Genetic manipulations that attenuate phasic dopamine release impair cue-mediated learning motivated by food reward (Zweifel et al., 2009 ). As mentioned above, NAc dopamine may direct food-seeking behavior according to costbenefit relationships among available food sources (Salamone et al., 1991; Koch et al., 2000; Beeler et al., 2010) . Phasic dopamine signaling may also play a role in these processes, as it has been shown to encode effort and cost variables related to food seeking (Day et al., 2010; Gan et al., 2010; Wanat et al., 2010; Sugam et al., 2012) . Physiological state may also factor into such decisions, as ghrelin shifts food preferences toward higher calorie options .Together, our data suggest that modulation of phasic dopamine signaling by ghrelin and physiological state may play a role in a wide range of food-directed behaviors.
Energy-related signals, such as leptin and ghrelin, have been shown to alter the activity of dopamine neurons in vitro (Abizaid et al., 2006) and in anesthetized animals (Hommel et al., 2006) . Additionally, ghrelin broadly increases dopamine levels in the NAc (Jerlhag et al., 2006; . Thus, in addition to the previously reported changes in general excitatory drive, our data indicate that the hunger signal ghrelin influences the dopamine response to events temporally linked to food approach and consumption. Regulation of phasic dopamine signaling by ghrelin is thus a means by which physiological state could influence a wide range of behavioral phenomena, including learning, reinforcement, and incentive motivation. Given that obesity is fueled, in part, by a failure to limit approach and consumption in response to food reward, our data suggest that LH ghrelin and VTA orexin receptors represent targets for therapeutic interventions.
